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All life forms strive to maintain an internal cellular environment that is highly organized and more energy rich than the often harsh external conditions. Osmotic and energy balances are critical to this internal homeostasis, and their disruption can lead to catastrophic failure and death. To counter this threat, life forms have developed numerous coping mechanisms that include the ability to store and use energy. The vast majority of organisms, to one degree or another, use glucans as a repository of glucose to be stored in times of energy excess and to be used to generate energy in times of energy depletion. Glucans comprise two broad, major forms-water-soluble glycogen and water-insoluble, semi-crystalline starch. Glycogen is found in opisthokonts and other diverse eukaryotic lineages as well as in most prokaryotes, while the distribution of starch is largely restricted to the Archaeplastida-the green Chloroplastida, the red Rhodophyceae, and the blue-green Glaucophyta-and other eukaryotes with Archaeplastida-derived plastids via secondary endosymbiosis. Both macromolecules are composed of a-1,4 linked glucose residues with a-1,6 linked branch points (Fig. 1a) . Both the chain length and the frequency of branching vary between glucan types and these two characteristics are typically associated with solubility, with longer and more scantly branched chains decreasing water solubility. Glucan polymerization is catalyzed by glycogen synthase or starch synthases that use either UDP-glucose or ADP-glucose to add successive glucose residues in an a-1,4 manner to the non-reducing end of the growing polysaccharide. The incorporation of branches is achieved by glycogen branching enzyme or starch branching enzymes that transfer a segment of an existing a-1,4 chain to form an a-1,6 linkage, resulting in an additional non-reducing end on which synthases can act.
Glycogen comprises a-1,4 linked, helical chains averaging 13 glucose residues in length with roughly two a-1,6 branch point per chain, approximately 7 % of all glycosidic bonds, yielding glycogen particles containing up to 55,000 glucose residues at a molecular mass of approximately 10 7 ( Fig. 1b) [1] [2] [3] . These particles, termed b-particles, are 20-25 nm in diameter which, in some tissues such as liver, associate to form larger a-particles [4] . b-Particle size is limited by increasing molecular density at the periphery of growing granules that hinders the activity of biosynthetic enzymes towards glycogen [5, 6] . Glycogen breakdown is effected by the concerted action of glycogen phosphorylase, which releases glucose-1-phosphate from linear a-1,4 non-reducing ends, and glycogen debranching enzyme, which removes a-1,6 branch points via two distinct catalytic activities, thereby enabling glycogen phosphorylase to continue on the now-linear chain. Thus, the highly branched, soluble conformation of glycogen with its many enzyme-accessible non-reducing ends renders it an exceptional energy source for the rapid release of glucose in response to acute energy demands.
In contrast, both the structure and the metabolism of starch are more complex than for glycogen. Starch structure and metabolism are best described in members of the green lineage. Thus, this discussion will focus on that lineage, with differences in other lineages specifically stated. Starch in the green lineage is located within plastids whereas in the Glaucophyta, Rhodophyceae, and most other starch-accumulating lineages it is located in the cytosol. This difference in localization has consequences on the identity of the glucose donor used by starch synthases. Synthases operating in the cytosol utilize UDPglucose, produced by the ancestral eukaryotic UDP-glucose pyrophosphorylase, whereas synthases producing starch in plastids utilize ADP-glucose, synthesized by ADP-glucose pyrophosphorylase of cyanobacterial origin [7] . 
Starch structure
A further complexity in starch is that it is composed of two different poly-glucans, amylopectin and amylose. The addition of glucose residues to the non-reducing ends of an amylopectin granule is, as with glycogen, accompanied by the action of branching enzymes introducing a-1,6 linked branches. However, specific debranching enzymes-isoamylases-acting during synthesis remove many of the a-1,6 branches incorporated by branching enzymes. This action results in the typical amylopectin architecture where a highly branched amorphous layer (similar to glycogen) alternates with a non-branched crystalline layer of elongated chains in a concentric manner (Fig. 1c) . Only a small proportion of these crystalline, linear chains emerge to propagate the subsequent amorphous layer, resulting in a discontinuous branching pattern for amylopectin, unlike the continuous branching pattern observed for glycogen [8] . Approximately 5 % of glycosidic bonds are a-1,6 linked, with the chains of the crystalline lamellae typically containing 12-15 glucosyl residues [7] . Interestingly, deficiency in isoamylases during synthesis leads to the formation of phytoglycogen, soluble glucans that in most respects display similar properties to glycogen b-particles in both granule size and branching pattern [5, 8] . The second, minor component of starch, amylose, is polymerized by a specific starch synthase isoform called granule-bound starch synthase and amylose cannot form without amylopectin as a prerequisite. Amylose, unlike either amylopectin or glycogen, is seldom branched; it contributes both to the crystallinity of starch and serves to increase the efficiency-i.e., density-of glucose storage within the granule.
The glucan chains of the starch crystalline lamellae form left-handed double helices that exclude water from their center and come together in one of two (or a mixture of) major allomorphs, designated A-type and B-type [9] . The A-type allomorph, typically found in cereal endosperm starches, comprises densely packed crystalline helices that largely omit water. Conversely, the B-type allomorph, typically found in storage organs of dicots and as transitory starch in photosynthetic tissue, comprises helices packed in a hexagonal pattern that allows for water channels between helices but nevertheless retains crystallinity. As a result of the alternating crystalline and amorphous layers and the discontinuous branching pattern of amylopectin that prevents crowding, a starch granule, unlike glycogen and phytoglycogen, is essentially unlimited in size with granules becoming as large as 100 lm in diameter [7] .
Starch functions
In the Chloroplastida, starch serves two broad biological functions that can affect its metabolism. In photosynthetic (or source) tissue, energy derived from the light-dependent reactions of photosynthesis during the day is used to assimilate carbon dioxide through the Calvin-Benson cycle; the assimilated carbon generally then has two main fates. The first is the synthesis of sucrose that serves the plant as an energy-transport molecule to deliver carbon to non-photosynthetic (or sink) tissue, in most multicellular green lineages. This sucrose may then be used as both an immediate energy supply and as a source of carbon for the production of starch in storage organs, such as tubers, roots, and seeds. The second main fate is the translocation of triose-phosphates into plastids that are used to generate ADP-glucose and, eventually, starch. Starch in source tissue is termed transitory starch since it is accumulated throughout the light period and then degraded during the dark period to provide energy for continued growth and metabolism when the production of ATP via photophosphorylation is halted. Thus, two broad pools of starch exist in most plants-transitory starch in source tissue and storage starch in sink tissue.
Starch catabolism
Of these two pools, the more metabolically active is the transitory starch of source tissue. Immediately following the onset of the dark period, transitory starch metabolism shifts from synthesis to degradation, the process of which has been best described in the model dicot angiosperm Arabidopsis thaliana. The major enzymes involved in starch degradation also differ from those involved in glycogenolysis. Firstly, hydrolysis primarily involves bamylases-exo-amylases-that release maltose. b-Amylases, however, cannot degrade past a-1,6 branch points and thus isoamylase isoform 3-distinct from the isoamylase isoforms operating during granule synthesisis required to hydrolyze the branches directly releasing short, linear oligosaccharides. This mechanism is unlike the two-step glycogen debranching enzyme action. Secondly, the crystallinity of starch prevents such access by the enzymes of starch degradation. This is in contrast to glycogen, in which glycogen phosphorylase and glycogen debranching enzyme can easily access the non-reducing ends of soluble glucan chains.
To overcome this crystallinity issue, Archaeplastida (and consequently the starch-accumulating lineages derived via secondary endosymbiosis involving an Archaeplastida endosymbiont) have developed a system of reversible glucan phosphorylation that serves to disrupt the crystalline lamellae. Enzymes termed glucan-water dikinases hydrolyze ATP, transferring the b-phosphate to a glucosyl residue within the glucan chain while releasing the c-phosphate as orthophosphate to produce AMP (Fig. 2) [10] . Within the green lineage, the helices that form the crystalline lamellae are phosphorylated by glucanwater dikinase (GWD) on the hydroxyl groups at the C6-position of the glucosyl residue. A second dikinase, phosphoglucan-water dikinase (PWD), phosphorylates the C3-position but requires the prior C6 phosphorylation by GWD. Phosphorylation leads to disruption of the helices and increases the solubility of the glucan chains, thereby allowing b-amylases access to release maltose. b-Amylases, however, cannot hydrolyze glucan chains at or close to sites of phosphorylation and thus dephosphorylation is required to continue the degradative process. Dephosphorylation, in the green lineage, is effected by two phosphatases, known as SEX4 (starch-excess 4) and LSF2 (like-sex4 2). SEX4 preferentially dephosphorylates the C6-position of glucans while LSF2 specifically dephosphorylates the C3-position (Fig. 2) [11] [12] [13] .
The centrality of each enzyme in the processive degradation of starch is demonstrated by the fact that mutant plants lacking (or with reduced) activity at any of these steps-b-amylase; isoamylase; glucan, water dikinase; or glucan phosphatase activities-invariably produces a starch-excess (or sex) phenotype [8] . Mutants lacking GWD or PWD display severe and mild sex phenotypes, respectively. The severity of GWD mutants resembles the sex phenotype of plants lacking b-amylase, indicating that GWD-mediated phosphorylation is most critical for starch degradation. Similarly, Arabidopsis mutants lacking SEX4 also display a severe sex phenotype with reduced growth [14, 15] as well as the accumulation during the dark period of phospho-oligosaccharides released via hydrolysis by aamylase-an endo-amylase-and isoamylase [16] . Conversely, LSF2 mutants are largely indistinguishable from wild-type, though sex4-lsf2 double mutant plants display an exacerbated sex phenotype relative to sex4-only mutants [13] .
The unique architecture of starch comprised of alternating layers of crystalline and amorphous lamellae requires the activity of isoamylase isoforms during amylopectin synthesis [17] . The alternating crystallinity of starch requires successive rounds of solubilization by phosphorylation of the crystalline layer, hydrolysis by bamylases, and dephosphorylation, followed finally by further b-amylase digestion and isoamylase debranching of the amorphous layer (Fig. 2 ). Disruption at any point in this cycle leads to a starch-excess phenotype since each step in the process requires the action of the preceding activity.
Although reversible phosphorylation is a critical aspect of starch metabolism in green plants, the first glucan phosphatase described was in fact the human phosphatase laforin. It was identified as a gene mutated in a rare, progressive, and fatal neurodegenerative epilepsy known as Lafora disease, from which the enzyme's name derives [18] . Interestingly, glycogen also contains small amounts of covalently attached phosphate-present at the C2-, C3-, and C6-positions [19, 20] -that are removed by laforin. Although neither the enzyme(s) responsible for phosphate incorporation into glycogen nor the role of phosphate in glycogen are known, laforin mutations in Lafora disease patients result in hyper-phosphorylated, aberrantly branched glucan with elongated chains that form insoluble, amylase-resistant bodies termed Lafora bodies.
Glucan phosphatase family
The discovery of glucan phosphatases began in the Gatehouse laboratory where a protein in Arabidopsis (gene locus At3g52180) was shown to be a phosphatase, but its endogenous substrate was unknown [21] . This finding was followed by the identification of a carbohydrate-binding module (CBM) in At3g52180 by the Moorhead laboratory as well as the Zeeman and Smith laboratories with each group demonstrating that At3g52180 binds starch and that it localizes to chloroplasts [14, 22] . The Zeeman and Smith laboratories demonstrated that mutation of At3g52180 produces a starch excess phenotype whereby plants synthesize starch but are unable to efficiently degrade it, and they designated the protein Starch EXcess4 (SEX4) [14] . Concurrently, we published that the human protein laforin possesses the unique ability to release phosphate from phospho-glucans, establishing laforin as the founding member of the glucan phosphatases [18] . Laforin is a bimodular protein that contains a CBM followed by a dual specificity phosphatase (DSP) domain (Fig. 3a) . SEX4 possesses a chloroplast targeting peptide (cTP), followed by a DSP domain, a CBM domain, and a carboxy-terminal (CT) motif that is integral for SEX4 enzymatic activity and structural stability (Fig. 3a) . We subsequently demonstrated that SEX4 dephosphorylates amylopectin and defined a glucan phosphatase as a protein containing a CBM and DSP domain within the same polypeptide [18, 23] . Additionally, we demonstrated that human laforin partially complements the sex4 Arabidopsis mutant phenotype, demonstrating that laforin and SEX4 are functional equivalents at the enzymatic level [23] . Although laforin and SEX4 share a common enzymatic function and similar domains, the two proteins are not orthologs because: (1) their CBMs are of different families (discussed below) and (2) the DSP and CBM are in opposite orientations (Fig. 3a) . A SEX4 ortholog contains a DSP domain followed by a CBM, while a laforin ortholog has a CBM followed by a DSP domain.
Bioinformatics searches for phosphatases similar to SEX4 and laforin uncovered Like SEX Four1 (LSF1) and Like SEX Four2 (LSF2) [13, 24] . LSF1 is comprised of a cTP, a PDZ protein interaction domain, domain of unknown function, DSP domain, CBM, and CT motif (Fig. 3a) . Alternatively, LSF2 lacks a CBM and is comprised of only a cTP, DSP domain and CT motif. LSF1 and LSF2 each bind starch and are localized to chloroplasts [13, 24] . Mutations in LSF1 result in a starch excess phenotype though less extreme than the sex4 mutant phenotype. Mutations in LSF2 result in elevated levels of starch-bound phosphate, but no starch excess phenotype. Plants with mutations in either LSF1 or LSF2 in combination with SEX4 result in an exacerbated starch excess phenotype.
The phosphatase domains of laforin, SEX4, LSF1, and LSF2 are all members of the Protein Tyrosine Phosphatase (PTP) superfamily [25, 26] . The PTP superfamily includes a clade of sequence diverse phosphatases called the dual specificity phosphatases (DSPs) that dephosphorylate phospho-Ser, -Thr, and -Tyr residues of proteinaceous substrates, and other phosphatases that dephosphorylate phospho-lipids, phospho-nucleic acids, and phospho-glucans [25] [26] [27] . The glucan phosphatases fall within this diverse group of DSPs. The PTPs and DSPs all utilize a catalytic cysteine residue at the base of the active site CX 5 R motif to perform nucleophilic attack on the phosphorous atom of the substrate [28] . The human proteome contains *65 DSPs and the plant proteome *22 DSPs [28, 29] .
Unlike DSP domains, CBMs are non-enzymatic domains that are appended to enzymatic domains. A CBM is a contiguous amino acid sequence with a conserved tertiary fold that possesses carbohydrate-binding ability. CBMs are curated within the carbohydrate active enzymes (CAZy) database (http://www.cazy.org) that defines CAZymes as a diverse collection of enzymes that synthesize and degrade a heterogeneous group of substrates that includes oligosaccharides, polysaccharides, and glycoconjugates [30] . The database defines nearly 300 families of catalytic and ancillary modules that include glycoside hydrolases, glycosyl transferases, polysaccharide lyases, carbohydrate esterases, and non-enzymatic carbohydrate binding modules [31] . CBMs are categorized based on amino acid sequence into families with each family sharing a common structural fold, but not always binding specificity. They are currently classified into 71 different families that bind to divergent carbohydrates such as starch, chitin, cellulose, xylan, and others [32] .
The laforin CBM is of the CBM20 family while SEX4 and LSF1 both contain a CBM48. The CBM20 and CBM48 domains are typically 90-120 amino acids long Fig. 3 The domain structure and evolution of the glucan phosphatase family. a SEX4 contains a chloroplast-targeting peptide (cTP) at its N-terminus, followed by a dual-specificity phosphatase domain (DSP), a carbohydrate binding module (CBM) of the CBM48 family, and a C-terminal (CT) motif. LSF1 also contains a cTP at its N-terminus, a PDZ protein interaction domain, a domain of unknown function (DUF), a DSP domain, CBM48, and CT motif. LSF2 contains a cTP, DSP domain and CT motif but lacks a CBM. Laforin is composed of an N-terminal CBM of the CBM20 family and a C-terminal DSP domain. b Laforin is conserved in the glaucophyte lineage of Archaeplastida represented by Cyanophora paradoxa and in the red algal lineage represented by Cyanidioschyzon merolae. In contrast, green algae and land plants such as Chlamydomonas reinhardtii possess SEX4 orthologs and they are evolutionarily related [33, 34] . While there are no invariant residues shared by all CBM20 or CBM48 domains, they share a conserved b-strand-rich tertiary fold and there are highly conserved aromatic amino acids that typically directly interact with the glucan [33] . The CBM20 and CBM48 families are related based on primary amino acid sequence, conserved binding regions, and similar tertiary structure. Additionally, the CBM20 and CBM48 domains do not exclusively target starch or glycogen, and there are examples from each family that target either glucan [34, 35] . The evolutionary relatedness of these CBM families have been extensively analyzed and intermediates between the CBM48 and CBM20 families that contain conserved elements of both families have been identified [33, 34] .
We initially defined a glucan phosphatase as a protein containing both a CBM and DSP domain [23] . However, LSF2 lacks a CBM domain yet still binds and dephosphorylates starch [13, 36] . LSF2 utilizes surface binding sites (SBSs; also referred to as secondary binding sites) instead of a CBM to bind starch [36] . While CBMs are defined domains within a contiguous polypeptide, SBSs are short stretches of non-contiguous amino acids that come together to impart glucan binding. SBSs are an emerging theme among glucan binding proteins, particularly among the glycoside hydrolases [37, 38] . SBSs are difficult to identify by sequence analysis and are typically identified after the X-ray or NMR structure is determined of the protein bound to a glucan. While there is not a strict SBS signature motif, aromatic residues often serve as the basis for the glucan interaction. Glycoside hydrolases have been identified that contain a CBM and SBSs, such as SusG [39] and others that possess only SBSs, such as barley a-amylase [40, 41] and yeast glucoamylase [42] . Thus, LSF2 does not contain a classical CBM and is not classified under the CAZy system, but it is a carbohydrate-modifying enzyme. While LSF2 utilizes two SBSs, no SBSs have been identified in laforin, SEX4, or LSF1 to date.
Conservation of glucan phosphatases
The glucan phosphatases have a varied and interesting evolutionary lineage that can be traced back to the radiation of Archaeplastida. First, a clear definition of what constitutes a SEX4 versus laforin orthologs must be defined. The SEX4 gene encodes a DSP domain followed by a CBM, while the laforin gene (EPM2A in vertebrates) encodes a CBM followed by a DSP domain [23, 43] . The green lineage (i.e. Chloroplastida) of glucan phosphatases is quite well conserved from land plants to single-cell green algae, highlighting the essential nature of reversible glucan phosphorylation in land plants and green algae (Fig. 3b) [43, 44] .
LSF1 is conserved in vascular plants (tracheophyta) and mosses (bryophyta) with proteins being 30 % identical at the amino acid level, but LSF1 is not conserved in single-cell green algae (chlorophyta) [13] . Alternatively, SEX4 and LSF2 orthologs are present in vascular plants and mosses as well as unicellular green algae such as Chlamydomonas and Ostreococcus [13] . SEX4 proteins from land plants to unicellular green algae are 34 % identical and LSF2 orthologs are 36 % identical [13, 36, 45] . Thus, SEX4 and LSF2 orthologs are highly conserved throughout the green lineage, including the most ancient genomes.
Laforin exhibits a more unique and varied conservation. The gene encoding laforin is conserved in species as divergent as humans and the unicellular red alga Cyanidioschyzon merolae, but absent in the genomes of most nonvertebrate organisms. A laforin ortholog is conserved in all vertebrate genomes, but it has been lost in the vast majority of invertebrate genomes and lower organisms (including yeast, fly and worm genomes), and laforin-like orthologs are conserved in a subset of protists and invertebrates [43] . The vertebrate laforin orthologs are 66 % identical at the amino acid level, while laforin orthologs from humans to C. merolae are only 25 % identical [23, 43, 46] . The invertebrates and protists that contain laforin-like orthologs are organisms with genomes that are predicted to have undergone slower rates of molecular evolution and/or organisms that metabolize a carbohydrate similar to a Lafora body [43, 47] . Three criteria have emerged to define which genomes contain a laforin-like gene, the organism must: (1) be of red or blue-green algal descent, (2) possess a true mitochondrion, and (3) produce an insoluble glucan (e.g., floridean starch, amylopectin granules, etc.) [43] . The majority of organisms that fit these criteria are a group of unicellular protists classified as alveolates. The alveolates include apicomplexa and cilates as well as organisms from other phyla. We and others have identified laforin-like genes in the genomes of red lineage organisms back to the ancient unicellular red alga C. merolae, the green lineage traced to Chlamydomonas reinhardtii, and the blue-green lineage to Cyanophora paradoxa [23, 43, 44] . Thus, glucan phosphatases can be traced back to single-cell organisms representing the three main lineages that expanded from the Archaeplastida: red algae, green algae/land plants, glaucophytes, and other eukaryotes possessing an Archaeplastida-derived plastid (Fig. 3b) .
Specificity of glucan phosphatases and consensus motif
To define the specificity of glucan phosphatases, we and others have employed a radiolabelling assay that utilizes the specific action of the glucan dikinases [11-13, 36, 45, 46] . Two independent paths are followed to generate radiolabelled starch at either the C6 or C3 position. To generate C6 labeled starch, starch from GWD-deficient Arabidopsis plants is first phosphorylated by GWD in the presence of [b- 33 P]ATP and then this radiolabelled starch is phosphorylated at the C3 position by PWD with cold ATP. To generate C3 labeled starch, starch is first phosphorylated by GWD with ATP and then phosphorylated by PWD with [b-33 P]ATP. These two products are used as substrates for the glucan phosphatases to define their substrate preferences.
Using this assay, we recently demonstrated that laforin preferentially dephosphorylates hydroxyls at the C3 position and it has substantial activity against the C6 position as well [11] . Conversely, SEX4 preferentially dephosphorylates the C6 position while possessing activity against the C3 position [45] . LSF2 differs in that it exclusively dephosphorylates the C3 position [13, 36] . Insights from recent structures as well as structure-guided mutagenesis demonstrated that the DSP domain is responsible for engagement and orientation of the glucan to achieve position-specific specificity [11, 36, 45, 46] . These studies also allowed for the identification of a glucan phosphatase catalytic site (PTP-loop) consensus motif of Cys, hydrophilic (f), Ala, Gly, long chain aliphatic (W), Gly, Arg (GfAGWGR) [11] . This consensus motif is uniquely adapted for engaging glucan chains and directing them towards the active site for dephosphorylation. This consensus motif also explains the lack of glucan phosphatase activity for LSF1, as it possesses three residues within its catalytic site that are not in agreement with the consensus signature.
X-ray structures of glucan phosphatases
We recently determined the crystal structures of SEX4 (3NME, 4PHY), LSF2 (4KYQ, 4KYR), and laforin (4RKK) (Fig. 4a-c) [36, 45, 46, 48] . We determined a product bound structure for each glucan phosphatase and a ligand-free structure for SEX4 and LSF2. Each glucan phosphatase has a glucan bound at the active site and the glucan-protein interaction is coordinated by aromatic and hydrophilic residues. While SEX4, LSF2, and laforin each binds and dephosphorylates glucans, each of the three glucan phosphatases employs a different mechanism to engage their substrate.
The active site architecture of glucan phosphatases is unique compared to other phosphatases (Fig. 4d, e) . Tyrosine specific phosphatases utilize a narrow and deep catalytic cleft to accommodate pTyr while excluding the shorter pSer and pThr from the catalytic site [49] . Alternatively, the proteinaceous DSP catalytic cleft is narrow and shallow to dephosphorylate pTyr, pSer, and pThr [50] .
The lipid phosphatases and glucan phosphatases both possess very wide and shallow active sites with each containing distinct characteristics to accommodate either phospholipids or phosphoglucans [36, 45, 46, 51] .
SEX4 utilizes an integrated DSP-CBM glucanbinding platform
We determined the X-ray structures of catalytically inactive (C198S) Arabidopsis thaliana SEX4 lacking the cTP and bound to maltoheptaose and phosphate to 1.65 Å and bound to just phosphate to 2.4 Å [45, 48] (Fig. 4a) . The SEX4 DSP domain and CBM directly interact with 457 Å 2 of interfacial surface area via multiple highly conserved motifs found within each domain. Analysis of the structural data revealed a previously unidentified carboxy-terminal (CT) motif within SEX4 [48] . This CT motif was predicted to be unstructured, but instead it is comprised of two ahelices separated by a loop region with invariant residues conserved among all SEX4 orthologs. The CT motif helices intimately associate with the DSP domain residues, cradling the face of the DSP domain opposite the active site. Biochemical analysis revealed that the SEX4 CT motif is essential for maintaining the fold and stability of SEX4.
Maltoheptaose is a linear, seven-residue polymer of glucose with a-1,4-glycosidic linkages, representative of a glucan chain found within amylopectin. The maltoheptaose and phosphate bound at the active site represent the product of SEX4 glucan dephosphorylation. The maltopheptaose chain is integrated within a continuous binding pocket that spans both the CBM and the DSP domain (Fig. 4a) . This extended binding surface is comprised of aromatic and hydrophilic residues that form a glucan-binding platform unique for SEX4 among the glucan phosphatases.
The first glucose unit from the non-reducing end of the maltoheptaose chain is located at the DSP and glucose 6 is at the CBM with glucose 2 directly above the phosphate bound at the DSP active site. The O6 hydroxyl of Glc2 interacts with phosphate in the DSP active site at a distance of 2.6 Å , while the O3 group is 7.1 Å away (Fig. 4F) . These structural data are in agreement with the biochemical data demonstrating that SEX4 prefers to dephosphorylate the C6 position and suggests that the glucan chain must completely switch directionality in order for SEX4 to dephosphorylate the C3 position. The glucose residues adjacent to Glc2 (i.e. Glc1 and Glc3) are also oriented with the O6 groups positioned towards the active site, while the O6 group of Glc6 is solvent exposed. Thus, SEX4 accommodates the helical nature of the glucan and the glucan rotates from the CBM to the DSP. The maltoheptaose spans the *33 Å DSP-CBM glucan binding pocket with 610 Å 2 of total contact area. Within this contact area, 40 % of the glucan-SEX4 interactions occur via CBM residues and 60 % via DSP domain residues. The CBM residues are highly conserved in all SEX4 orthologs to form a glucan-binding site. Two tryptophan residues (W278 and W314) combine with H330 to interact with both faces of the glucan chain with additional hydrogen bonding with O3 groups and N332 and K307. This dualtryptophan and lysine glucan-binding platform is a conserved motif of the CBM family 48 (CBM48) and the related CBM20 family [30, 34] . A query using the Dali server to define the most similar CBM to that of SEX4 identifies the CBM48 of the human AMP-activated protein kinase b-subunit (AMPK-b, PDB: 1Z0N) with a root mean square deviation (RMSD) of 1.4 Å compared to the SEX4 CBM (Fig. 5a) [45, [52] [53] [54] . AMPKb shares all of the SEX4 CBM glucan-interacting residues except for SEX4 H330 where AMPK-b instead has a threonine residue (Fig. 5a ). AMPK interacts with glycogen via the AMPK-b subunit bringing it in proximity to several enzyme targets such as glycogen synthase and also allowing it to sense glycogen levels that modulate kinase activity. The AMPK-b glucan-bound structure is co-crystallized with the circular, seven glucose oligosaccharide bcyclodextrin [54] . However, the maltoheptaose bound to SEX4 possesses a similar curvature as the b-cyclodextrin bound to AMPK-b (Fig. 5a) . Alignment of the maltoheptaose bound and ligand-free SEX4 structures reveals that H330 undergoes a conformational shift upon when bound to a glucan, positioning H330 in line with glucose 6 of the reducing end and opposite of W314 with maltoheptaose positioned between the two (Fig. 5a ). Mutation of W314 or H330 to an alanine reduces SEX4 dephosphorylation of starch by 95 and 66 %, respectively. Additionally, alanine mutation of the key CBM SEX4 glucan-binding residues resulted in a dramatic decrease in glucan binding as defined via an amylopectin co-sedimentation assay. This decreased binding translated to an average decrease of 89 % in mutant CBM SEX4 to dephosphorylate starch even though the DSP active site is intact. Thus, the SEX4 CBM is essential for glucan binding and if SEX4 glucan binding is impacted so to is its ability to dephosphorylate starch.
While the SEX4 DSP domain contributes 60 % of the SEX4-maltoheptaose contact area, mutations of the DSP domain residues that interact with maltoheptaose only minimally decreased starch binding [45] . Similarly, these DSP domain mutations only decreased dephosphorylation by an average of 38 %, dramatically lower than the 89 % observed with CBM mutations. These data were surprising since the DSP contributes the majority of the SEX4-maltoheptaose contact area. While the DSP domain is important for glucan binding, binding is clearly not its major contribution. Utilizing the position-specific radiolabelling assay, we found that the glucan-binding residues within the DSP domain are essential to position the glucan for specific dephosphorylation of the C3 or C6 position. Two lines of evidence led to this conclusion: (1) mutation of the aromatic residues that form the boundary of the DSP active site architecture ablated the SEX4 C6 specificity and (2) while mutations of key CBM interacting residues dramatically decreased starch dephosphorylation, the mutant enzymes maintained the C6 position preference. Thus, SEX4 utilizes a coordinated binding platform comprised of its CBM and DSP domain whereby the CBM is largely responsible for glucan engagement and the DSP domain is responsible for site specificity.
LSF2 utilizes surface binding sites (SBSs)
The X-ray structures of catalytically inactive (C193S) A. thaliana LSF2 lacking the cTP (residues 79-292) either without ligand or with bound maltohexaose and phosphate was determined to 2.30 and 1.65 Å , respectively (Fig. 4b ) [36] . While SEX4 was bound to a single maltoheptaose, LSF2 is bound to multiple maltohexaose oligosaccharides via three binding sites.
The LSF2 active site contains five highly conserved aromatic residues that integrate a glucan-binding channel within the DSP active site and coordinate binding to a single maltohexaose chain. The C3 position of Glc3 directly interacts with the phosphate at the LSF2 active site at a distance of 2.4 Å compared to 7.0 Å for the C6 position (Fig. 4g) . These data support the biochemical data showing that LSF2 exclusively dephosphorylates the C3 position in vitro. Additionally, these data align with in planta data demonstrating that lsf2 mutant plants have an increase in C3 phosphorylated starch. The glucan binding at the LSF2 active site is coordinated by three Tyr residues and a Trp (Y83, Y85, Y135, and W136) that interact with the convex side of the maltohexaose chain. The glucose moieties of the concave surface form a helical structure around F162, interacting with both faces of the Phe ring. LSF2 containing mutated residues on both sides of the DSP glucanbinding channel to (W136A/F162A) resulted in a 99 % decrease in starch phosphorylation. However, LSF2-W136A/F162A maintained robust binding to starch. These data suggested that while the active site glucan-binding channel is necessary for glucan phosphatase activity, the other binding sites significantly contribute to glucan binding.
The two additional LSF2 glucan binding sites both intimately involve the CT motif and are referred to as Site-2 and Site-3 [36] . Site-2 is located *21 Å away from the DSP active site and it is comprised of highly conserved residues from the DSP domain and CT motif that make extensive contacts with a single maltohexaose chain via hydrogen bonding and van der Waals contacts. Mutation of Site-2 residues to alanine decreased LSF2 starch phosphatase activity by 24-50 %. Additionally, mutation of R157 decreased amylopectin binding by 64 %, Fig. 5 The glucan phosphatases SEX4 and laforin utilize a conserved mode of glucan binding via CBMs. According to a DALI search, the CBM of the AMPK b-subunit (PDB: 1Z0N) is the most similar to the SEX4 CBM (a), and the laforin CBM is highly similar to the CBM of a bacterial cyclodextrin glycosyltransferase or CGTase bound to a glucan at two sites (PDB: 1CXK) (b). Interacting SEX4 and laforin residues are shown in yellow and labeled in black in (a) and (b), respectively; interacting AMPK b-CBM and CGTase residues are shown and labeled in gray in (a) and (b), respectively dramatically greater than observed with the active site W136A/F162A double mutant. Thus, Site-2 is necessary for the biological activity of starch dephosphorylation by LSF2.
The LSF2 Site-3 binding site is also located [20 Å away from the DSP active site, and it is comprised of highly conserved residues formed by the CT motif that form hydrogen bonding interactions and van der Waal's interactions to bind two maltohexaose chains (Hex-1 and Hex-2). Mutation of Site-3 residues to alanine decreased LSF2 starch phosphatase activity by 35-87 %. Mutation of one Site-3 residue (F261A) decreased amylopectin binding by 74 %, showing the most dramatic decrease in binding. Combinatorial mutations of the active site, Site-2, and/or Site-3 showed additive effects, suggesting that the sites function synergistically. Intriguingly, the two maltohexaose chains at Site-3 possess a helical-like structure that is reminiscent of amylopectin glucan chain helices. Cumulatively, these data suggest a model whereby LSF2 may engage longer glucan chains or perhaps multiple chains simultaneously via the three glucan binding sites.
As discussed, glucan phosphatases were originally defined as proteins containing both a CBM and DSP domain [23] . However, LSF2 lacks a CBM and instead utilizes glucan binding sites at the active site and two that are [20 Å away, i.e. Site-2 and Site-3. These glucan binding sites away from the active site are referred to as surface binding sites (SBSs) and they are a common mechanism employed by enzymes within the glycoside hydrolase family [38] . There are numerous examples of glycoside hydrolases that possess one or more CBM, and recent structural studies have identified that some of these glycoside hydrolases also contain one or more SBS or they lack a CBM and only contain SBSs. Indeed, SusG is a cell membrane associated a-amylase from Bacteroides species that contains both a CBM58 and SBS [39] . Alternatively, barley a-amylase, human salivary a-amylase, pancreatic a-amylase, and yeast glucoamylase contain only SBSs [40] [41] [42] [55] [56] [57] . Similar to LSF2, Svensson and colleagues demonstrated that two SBSs that are [30 Å away from the barley a-amylase active site are directly involved in substrate binding and they act synergistically to engage the glucan [37, 55] . In each case, the SBSs are identified via structural studies and these sites prove difficult to identify via bioinformatics due to the absence of a strict, unique signature though they typically employ aromatic residues.
Laforin utilizes a tetramodular architecture and cooperativity
The structure of human laforin (residues 1-328 out of 331 total residues) bound to maltohexaose and phosphate was determined to 2.4 Å with two, superimposable molecules in the asymmetric unit (Fig. 4c) [46] . The laforin CBM and DSP domains are intimately associated with [1200 Å 2 of interfacial surface area, forming an integrated tertiary structure. Additionally, the two laforin molecules form a tetramodular, antiparallel dimer that is mediated entirely by the DSP domain. This tetramodular architecture yields a CBM-DSP-DSP-CBM dimer that engages multiple maltohexaose chains at the CBM and DSP domain, along with a single phosphate at each DSP active site. The laforin DSP domain is structurally most similar to the plant glucan phosphatases LSF2 and SEX4 with a RMSD of 2.0 and 2.1 Å , respectively.
Similar to SEX4 and LSF2, there is a maltohexaose chain and phosphate tightly coordinated into the laforin DSP domain active site. The laforin DSP active site contains a number of highly conserved hydrophilic and aromatic residues that coordinate binding with the maltohexaose chain via hydrogen bonds and van der Walls interactions. Mutation of these residues did not decrease laforin binding to glycogen, but did decrease glycogen dephosphorylation by 69-95 %. These residues position the C2 and C3 groups of Glc3 3.8 Å and 2.7 Å from the phosphate, respectively, with the C6 position 7.7 Å away and pointed toward the solvent (Fig. 4h) . As predicted by the structural data, laforin preferentially dephosphorylates the C3-position while maintaining substantial activity against the C6-position, opposite from the SEX4 specificity [45, 46] . While SEX4 and laforin each contain a CBM and DSP domain, their domain organization and utilization is quite different. SEX4 employs a continuous binding pocket spanning a tightly integrated CBM and DSP interface, while the laforin CBM and DSP domains are distant from each other with each binding a unique maltohexaose chain. The laforin CBM engages a maltohexaose chain via aromatic and hydrophilic residues. As with the SEX4 CBM48, the laforin CBM20 contains a dual-tryptophan and a lysine glucan binding platform that is a hallmark of the CBM20 and CBM48 family [30, 34] . Mutation of these residues decreased glycogen binding by 40-100 % and this decreased binding translated to a decrease in glycogen dephosphorylation of 57-96 %.
The laforin CBM is structurally most similar to a fungal glucoamylase (PDB: 2VN4 and 2VN7; RMSD = 2.0 Å ), a bacterial cyclodextrin glycosyltransferase (CGTase, PDB: 1CXK; RMSD = 2.2 Å ), and the CBM of the human glycerophosphocholine phosphodiesterase (GDE5/ GPCPD1, PDB: 2z0b; RMSD = 2.5 Å ) according to a Dali search [46, 58, 59] . Of these three CBMs, only the bacterial CGTase is bound to a glucan. The CBMs of these proteins all contain conserved tryptophan residues characteristic of the CBM20 family. These tryptophan residues are reported to support two separate glucan-binding sites in the CGTase [33] . The laforin CBM and CGTase CBM superimpose with good overlap at the first glucan binding site (Fig. 5b) . The first site is composed of two tryptophan residues that stack with the glucan and hydrophilic residues that participate in hydrogen bonding. In the crystal structures of laforin and the CGTase, a glucan is bound to this first site, associating with W32, W99, K87 and D107 in laforin and W616, W662, K651 and N667 in the CGTase (Fig. 5b) . The CGTase contains a second glucan binding site that is also occupied by a glucan in the CGTase structure (Fig. 5b) . This site is in closer proximity to the CGTase catalytic domain, and it contains an additional aromatic residue (Y633) that guides the substrate toward the active site [60] . However, laforin lacks a tyrosine at this position and instead has a glutamate and there is no glucan bound at this position in the laforin crystal structure. Thus, the laforin CBM possesses just one glucan binding site.
The laforin crystal structure revealed that laforin is an anti-parallel dimer with the dimer interface mediated by the DSP domains, yielding a unique tetramodular architecture. The status of laforin dimerization has been a controversial topic with some data suggesting that laforin is a monomer in solution and other suggesting a dimer or multimer [61] [62] [63] [64] [65] . The structure of laforin in solution was defined using multiple biophysical techniques: analytical ultracentrifugation (AUC), size-exclusion chromatography-small angle X-ray scattering (SEC-SAXS), and deuterium exchange mass spectrometry (DXMS). AUC data demonstrated that laforin possess a molecular weight of 79 ± 6 kDa, consistent with the predicted dimer molecular weight of 78 kDa. Additionally, laforin eluted from SEC as a single species and ab initio reconstruction from SAXS data of the molecular envelope revealed an extended bilobal shape that matches the laforin crystal structure. DXMS data confirm that the laforin dimerization interface is via the DSP domain. In contrast, another study determined the structure of laforin using a hybrid approach [66] . These investigations determined the X-ray crystal structure of the DSP domain, generated a homology model of the CBM, and performed small angle X-ray scattering on the full-length protein. The models were manually docked inside the scattering envelope to produce a CBM-CBM dimerization interface. However, rigid-body modeling from SAXS data without complete structures can produce inaccuracies, and no further experimental evidence was presented to corroborate this quaternary arrangement [67, 68] .
Laforin is structurally organized so that all four glucan binding sites in the tetramodular architecture align on one face of the dimer. Using a thermal shift assay, we found that the melting temperature (DT m ) of laforin increased minimally with shorter oligosaccharides (2 degrees to 8 degrees of polymerization, i.e. DP2-8), but there is a dramatic increase in DT m with longer oligosaccharides with DP24 yielding a 14°C increase. A detailed analysis demonstrated that shorter oligosaccharides bind with two binding events without cooperativity while the longer DP24 oligosaccharide showed a single high-affinity binding event with cooperativity. Importantly, a mutation in the laforin DSP-DSP dimer interface that abolishes dimerization also abolished the cooperativity. Thus, laforin dimerization is the basis of laforin's substrate binding cooperativity.
Binding soluble versus insoluble substrates
A major difference between glycogen, amylopectin, and starch is water solubility: glycogen is water-soluble, starch is water-insoluble, and amylopectin is moderately watersoluble. The insoluble and crystalline nature of starch presents a much different binding surface than that found in glycogen or amylopectin. Using structure guided mutagenesis to mutate residues and delete domains, we recently demonstrated that the glucan phosphatase DSP domain is sufficient for dephosphorylating water-soluble polyglucans (Fig. 6) . Mutations in the laforin or SEX4 CBMs or the LSF2 SBSs that dramatically decreased both starch dephosphorylation and binding to water-soluble glycogen or amylopectin did not dramatically decrease dephosphorylation of amylopectin or phospho-oligosaccharides [11, 45, 46, 69] . Soluble glucans are thought to lack the higherorder helical structure found in crystalline, insoluble glucans. Thus, the glucan-interacting motifs within the glucan phosphatase DSP domains enable adequate engagement and dephosphorylation of the soluble, phospho-glucan. Conversely, the ancillary glucan-binding interfaces are critical for dephosphorylation of insoluble starch. Mutations in the ancillary glucan binding platforms of SEX4, LSF2, or laforin abolished the enzymes ability to dephosphorylate starch. The need for these ancillary binding platforms highlights the unique environment of glucans at Fig. 6 While the CBM of a glucan phosphatase is required for dephosphorylating insoluble glucan substrates, a DSP is sufficient for dephosphorylating water-soluble polyglucans. We have defined the active site consensus motif for a glucan phosphatase as: Cys, hydrophilic, Ala, Gly, long chain aliphatic, Gly, Arg (CfAGWGR). Reproduced with permission from Meekins et al. [11] the outer starch granule. The glucan surface possesses multiple microenvironments that glucan phosphatases will encounter. There are long oligosaccharide chains, phosphooligosaccharides chains, branch points, residual helical structure, and non-phosphorylated oligosaccharide chains. In a water-soluble environment, the DSP domain alone can coordinate engagement and dephosphorylation of the phospho-glucan. However, these ancillary glucan-binding platforms are necessary for glucan binding and dephosphorylation within an insoluble microenvironment.
Conclusions and future perspectives
Over the past decade, reversible glucan phosphorylation has emerged as a key regulatory mechanism governing starch and glycogen metabolism. The discovery, activity, and function of the glucan dikinases were first to be defined and more recently the glucan phosphatases have also emerged as essential enzymes in starch and glycogen metabolism. Despite an impressive amount of progress, there are still many outstanding questions regarding both starch-and glycogen-bound phosphate. GWD has a recently described role in starch synthesis, though the exact function still remains to be fully defined [70, 71] . Similarly, SEX4 and LSF2 could also function during starch synthesis. Since starch-bound phosphate affects surface properties and morphology of starch granules, these phosphate levels could be dynamic during synthesis involving interplay of starch phosphorylation by GWD and then removal of some phosphate by the glucan phosphatases. Since the loss of LSF1 also results in a starch excess phenotype, LSF1 is clearly intimately involved in starch metabolism, but its role remains entirely undefined. Additionally, whether LSF1 is an enzyme or scaffolding protein is unknown. Finally, many of the discoveries regarding reversible starch phosphorylation have focused on transitory leaf starch. The role of glucan phosphatases and reversible starch phosphorylation of storage starch is largely unknown.
An intriguing question regarding glycogen-bound phosphate centers on how phosphate is introduced into glycogen. While evidence suggests that at least some of this phosphate, present at the C2-and C3-positions of glucosyl moieties, may be introduced via an error of glycogen synthase [19, 72] , the role of an as-yet-undiscovered glycogen-phosphorylating enzyme has also been proposed [20] . Further, whether phosphorylation and the action of laforin are involved in glycogen synthesis, degradation, or both has not yet been defined. Nevertheless, the X-ray crystal structures of the glucan phosphatases have defined a number of key issues regarding their mechanism of action and specificity.
